One contribution of 15 to a theme issue 'Transdisciplinary approaches to the study of adhesion and adhesives in biological systems'.
Introduction
Diatoms are photosynthetic, unicellular microalgae that are estimated to be responsible for 20% of global photosynthesis [1] . Based on their silica cell wall symmetry, diatoms are broadly classified in two groups; the centrics (radial symmetry) and pennates (bilateral symmetry). Together with bacteria, benthic diatoms are the dominant organisms found in marine biofilm communities that adhere and colonize virtually every biotic or abiotic surface in sunlit marine environments. The underwater adhesion of diatoms is accomplished through the secretion of poorly characterized carbohydrate-rich extracellular polymeric substances (EPS) [2] [3] [4] [5] [6] . In many pennate species, the secretion of adhesive EPS strands through the raphe, a specialized slit in their silica cell wall, provides the traction required for their substrate dependent gliding motility [2, 4] . This unusual type of cell motility enables diatom cells to optimize their position in the environment with respect to light intensity and nutrient availability, and to avoid desiccation [2] . The secreted EPS material is also beneficial in stabilizing soft sediments in aquatic habitats [7] . However, the accumulation of diatom-rich biofilms on man-made surfaces, in particular on ship hulls, continues to pose significant economic and environmental problems due to increased drag and fuel consumption [8] . Remarkably, diatoms are able to develop thick slimes on some of the most advanced antifouling and foul-release surfaces and are not deterred by biocides that successfully prevent the adhesion of many other marine organisms [8, 9] . Therefore, a detailed understanding of the molecular mechanism of diatom adhesion may provide the necessary insight to develop novel anti-fouling surfaces.
As diatoms glide across a substratum they deposit behind them an adhesive trail which can be visualized with histological stains that are indicative of acidic © 2019 The Author(s) Published by the Royal Society. All rights reserved.
biopolymers [2, 3, 5, [10] [11] [12] . The nanomechanical properties of the raphe-secreted biopolymer strands, measured by atomic force microscopy (AFM), suggested that they are composed of modular proteins [13] . Biochemical analysis of cell-free trails from the model adhesion diatoms Amphora coffeaeformis and Craspedostauros australis has unequivocally confirmed the presence of proteins in diatom adhesive trails, yet polysaccharides were found to be the major component ( protein : polysaccharide ≈ 3 : 7) [14] . Determining the mechanism by which these two biopolymers achieve the universal underwater adhesion of diatoms has been hampered by the lack of knowledge about their chemical structures. Two recent studies attempted to employ bioinformatics approaches to identify diatom adhesive proteins based on amino acid composition rather than sequence homology. One study searched a transcriptome database of the diatom A. coffeaeformis for tyrosine-rich proteins with similarities to the Dopa bearing proteins from mussels [15] . However, expressing a GFP fusion protein of one of the tyrosine-rich proteins revealed it to be a cell wall protein rather than a component of the adhesive material. The other study searched the Phaeodactylum tricornutum genome for proteins with similarities to cell-cell and cell-extracellular matrix adhesion molecules (CAMs) like integrins, laminins and fasciclins [16] . The functional characterization (AFM, adhesion assays, Quartz Crystal Microbalance analysis) of P. tricornutum mutants that overexpressed putative diatom CAM-GFP fusions seemed to indicate that some of these proteins may have a role in adhesion [16] . However, the P. tricornutum transformants only exhibited intracellular GFP fluorescence rather than in the raphe and adhesive trails [17] . Therefore, it is unclear whether these putative diatom CAMs are actually present in the secreted adhesive material, and how they are able to contribute to increased surface adhesion. So far, all efforts to identify the sequence of a protein that is unambiguously involved in diatom adhesion have remained unsuccessful.
A major challenge in the biochemical characterization of biological underwater adhesives is their inherent insolubility in aqueous solutions due to extensive chemical cross-linking between the biomacromolecules. In order to release adhesive biomolecules, strong denaturing and reducing conditions are often sufficient [17] [18] [19] [20] [21] . However, these reagents were unsuccessful in solubilizing the adhesive materials that were isolated from A. coffeaeformis and C. australis [14] . In the present work, we achieved complete solubilization of the A. coffeaeformis adhesive material, which has enabled us to use determine its protein composition using a combined transcriptomics and proteomics approach.
Material and methods
The materials and methods section can be found in the electronic supplementary material.
Results
(a) Solubilization and separation of Amphora coffeaeformis adhesive biomolecules
Hydroxylamine has previously been employed to solubilize adhesive material from slugs [21] . This reagent cleaves Asn-Gly bonds [22] as well as ester and imine bonds [23] . When the isolated adhesive material from A. coffeaeformis [14] was resuspended in a hydroxylamine solution at pH 8.5, the suspension was clear after 4 h. No pellet was observed after centrifugation, indicating that the adhesive material was completely dissolved. Analysis of the hydroxylamine solubilized adhesive by SDS-PAGE and subsequent staining revealed that it is composed of negatively charged, high molecular weight (HMW) components greater than 250 kDa and several low molecular weight (LMW) components (less than or equal to 30 kDa), which are only visible when the gel is fixed with glutaraldehyde prior to staining (figure 1). After separating the components by size exclusion chromatography (electronic supplementary material, figure S1 ), the amino acid and carbohydrate compositions of the HMW and LMW components were determined (electronic supplementary material, table S1). The LMW proteins have a non-complex amino acid composition consisting almost exclusively of arginine and glutamic acid/glutamine and small amounts of serine, glycine and lysine. In contrast, the HMW component has a more complex amino acid composition with a low arginine content and is rich in serine (approx. 12%), alanine (approx. 16%), glycine (approx. 9.5%) and the rare amino acid dihydroxyproline (approx. 7.5%). The amino acid composition of the A. coffeaeformis HMW components royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20190196 matches quite closely the amino acid composition of the previously characterized C. australis crude adhesive material [14] . This may indicate that the arginine-rich proteins are lacking or at least much less abundant in the C. australis adhesive material. The monosaccharide composition of the HMW component is very similar to that of the crude adhesive material (electronic supplementary material, table S2) and is comparable to the previously reported values [14] . This result is consistent with the lack of significant amounts of carbohydrate in the LMW components.
(b) Proteomics analysis of the adhesive material
To obtain sequence information from the proteins in the adhesive material, a proteomics analysis was performed on three different samples: (i) the crude adhesive material from which carbohydrate moieties had been removed by treatment with anhydrous hydrofluoric acid (HF), (ii) the hydroxylamine solubilized HMW components before and (iii) after HF treatment. The proteomics analysis of the three samples led to the identification of 30 unique proteins (false discovery rate (FDR) at peptide level was 1.8%, electronic supplementary material, table S3). Seventeen proteins were identified in all three samples, eleven proteins were present in at least two of the samples, and two proteins were only found in one sample (electronic supplementary material, figure S2 ). In the HF-treated crude adhesive material no arginine-rich peptides from the LMW components were found. This is likely due to the fact that the LMW components diffuse quickly out of the unfixed SDS-PAGE gel and were therefore lost from the gel before in-gel digestion.
(c) Bioinformatics analysis of the proteins
The 30 unique proteins identified in the proteomics analysis were analysed using publicly available bioinformatics tools to identify orthologous proteins, conserved protein domains and secretion signals (electronic supplementary material, table S3 and figure S3 ). Nine proteins show high similarity to known intracellular proteins and are therefore likely contaminants that may be released from the cells either during the purification procedure or during cell cultivation as a result of cell death. Of the remaining 21 proteins, six share no sequence similarity to any known proteins, seven share sequence similarity with proteins of unknown function in other diatoms, and eight share sequence similarity with proteins of unknown function from both diatoms and non-diatom organisms. The latter group of proteins contain protein domains that occur in proteins involved in adhesion (i.e. choice-of-anchor A (CAA) domain, von Willebrand factor, type D domain, fasciclin) and will be discussed below.
Three proteins (Ac1589, Ac6233, Ac14107) contain a CAA domain, which has been found in bacterial proteins that belong to the 'microbial surface component recognizing adhesive matrix molecules' (MSCRAMM) family [24, 25] (electronic supplementary material, figure S4 ). MSCRAMM proteins enable initial attachment to the host cell surface by binding to extracellular matrix components [24, 25] .
Protein Ac1488 contains a fasciclin-1 (FAS1) domain (electronic supplementary material, figure S5 ), which is present in a large variety of organisms and mediates cell-cell adhesion via binding to extracellular proteins and carbohydrates [26] .
Recently, diatom proteins with FAS1 domains were also identified in a proteomics analysis of secreted P. tricornutum proteins [27] and in a bioinformatics screen for diatom cell-adhesion molecules [16] .
Repetitive regions rich in proline, serine and threonine (PST domains) are present in two proteins (Ac9617, Ac11841). PST domains are often sites of extensive glycosylation and are characteristic of numerous extracellular proteins such as mucins [24] . Proteins with PST domains were also present in the P. tricornutum secreted proteome, and it was suggested that they may function in a similar fashion to mucins as structural proteins that serve as a scaffold for the extracellular matrix [27] .
Protein Ac643 has a predicted CHASE7 (cyclases/ histidine kinase associated sensory) domain, which is found in some extracellular proteins of bacteria, and is believed to function as a sensor that regulates motility and biofilm formation in Escherichia coli [28] .
A remarkably abundant feature is the presence of a GDPH motif, which occurs in twelve proteins (electronic supplementary material, figure S3 ). The GDPH motif derives its name from the four constituting amino acids, and has previously been found in the adhesive of the sea star foot [29] , the zonadhesin from sperm cells [30] , and in mucins [31] . In these proteins, the GDPH motif functions as a pH dependent autocatalytic cleavage site (cleavage between D and P). For 10 of these A. coffeaeformis proteins (Ac629, Ac3782, Ac643, Ac2602, Ac16476, Ac1396, Ac3113, Ac1589, Ac6233, Ac889) the GDPH motif designates the start of a well conserved approximately 28 kDa C-terminal region, which we termed GDPH domain (figure 2). Proteins Ac1442 and Ac1953 contain the GDPH motif, but their downstream sequence regions lack the features that are characteristic for GDPH domains. In three of the proteins (Ac3782, Ac1589 and Ac6233) the GDPH domain contains a von Willebrand factor D domain (electronic supplementary material, figure  S6 ). In addition to the GDPH motif there are three more strikingly-conserved sequence motifs within the GDPH domain: (a) an RW dipeptide that follows two amino acids after the GDPH motif, (b) a GECDLV hexapeptide (V is replaced by L in Ac1589), and (c) an EWQV tetrapeptide (E is replaced by F in Ac2602). Each GDPH domain contains only three cysteine residues, which are perfectly conserved in their positions. The uneven number of cysteine residues suggests that the GDPH domains either form intramolecular disulfide bonds with the N-terminal domains, or are involved in disulfide bond mediated homo-or heterodimerization/oligomerization. Overall the GDPH domains share approximately 13% identity (34/266 residues) and approximately 27% similarity (72/266 residues; i.e. conserved amino acid substitutions). In contrast, there is almost no sequence homology among the 10 proteins upstream of the GDPH motif, which demonstrates that the N-terminal domains of these proteins are highly variable (electronic supplementary material, figure S7). Two proteins (Ac2602 and Ac16476) share approximately 40% sequence similarity (90/223 residues) (electronic supplementary material, figure S7 ).
Searching available diatom genome and transcriptome databases identified GDPH domain bearing proteins in the majority of but not all raphid diatoms (nine out of 13 genera) (electronic supplementary material, table S4). Such proteins are also present in most araphid diatoms (seven out of nine genera), but are highly underrepresented in centric royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20190196 diatoms (five out of 22 genera) diatoms (electronic supplementary material, table S4). The variable N-terminal domains were also compared against these databases (electronic supplementary material, table S5). This revealed that the N-terminal domains of five proteins (Ac26560, Ac13218, Ac6233, Ac1589, Ac643) are specific to raphid diatoms, while the N-terminal domain of protein Ac1396 did not share homology with any proteins in the diatom databases. The N-terminal domains of the six other proteins exhibited sequence homology to proteins from all diatom classes. At present we cannot rule out the possibility that the absence of GDPH domain bearing proteins in some species in the MMETSP database may be due to the fact that some of the sequenced transcriptomes are incomplete, with either truncated transcripts or low detection/identification of transcripts.
(d) Localization of GDPH motif containing proteins
To investigate the cellular localization of the GDPH domain bearing proteins we attempted to express five of these proteins (Ac1442, Ac643, Ac629, Ac3782, Ac26560) in A. coffeaeformis as C-terminal yellow fluorescent protein (YFP) fusion proteins. The resulting transformants were screened by fluorescence microscopy (more than 20 clones per transformation) and in only one case (Ac1442) were YFP-fluorescent cells obtained. The reason for the lack of functional YFP fusion proteins in the other cases is unclear but may be (i) low expression rate, (ii) proteolytic cleavage of the C-terminal YFP-tag, (iii) interference with protein folding and stability. The Ac1442-YFP fusion protein localized to a dome-shaped structure around the centre of the cell nucleus (i.e. the presumed position of the nucleus; electronic supplementary material, figure S8 ) and to an extensive network radiating throughout the cell. We assume that the dome-shaped structure corresponds to the position of the Golgi apparatus, which is located around the nucleus, and that the network structure corresponds to the endoplasmic reticulum [6] . No YFP fluorescence was visible on the cell surface or in the adhesive trails.
As the YFP-tagging strategy proved to be rather inefficient for localizing the proteins, polyclonal antibodies were raised against two proteins (Ac629 and Ac1442) to allow immunolocalization studies. Antibodies were raised against protein Ac629, which was selected as a representative of the GDPH domain containing proteins. The antibodies against Ac629 (αAc629) showed specific labelling of the adhesive trails (figure 3a), so-called footprints (i.e. adhesive material from a sessile cell; figure 3b) and material associated with the cell wall precisely in the regions of the raphe slits ( figure 3c,d ). The unusual cell wall architecture of species from the genus Amphora, in which both raphe systems lie on the same ventral valve (figure 1d ), results in parallel tracks of adhesive material (figures 1c and 3a) . In all cases, the fluorescent signal appeared to be composed of globular particles. Larger agglomerates of the globular Ac629 bearing particles were often observed at one end of the adhesive trail (arrow in figure 3a) . Correlative time-lapse video microscopy and immunofluorescence imaging were employed to determine the origin of these agglomerates. This analysis clearly demonstrated that the agglomerates correspond to the landing site of a cell and thus the start of an adhesive trail ( figure 4a,b) . Furthermore, it also revealed that a motile cell does not always leave behind an adhesive trail on the surface (figure 4; electronic supplementary material, movie S1).
Antibodies were also raised against protein Ac1442, because it contains the GDPH motif but does not bear a GDPH domain. Immunofluorescence using antibodies raised Figure 2 . Multiple sequence alignment of the GDPH domains. Identical residues are shaded in black; residues with conserved amino acid substitutions are shaded in dark grey with darker grey text; residues that are identical in more than seven of the ten proteins are shaded light grey with white text.
royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20190196 against Ac1442 (αAc1442) demonstrated that this protein is associated with the adhesive trails (figure 3i) and the footprints (figure 3j). Ac1442 is also present in the raphe region and the cell wall region between both ends of the raphes (figure 3k). The labelling of the adhesive trails and footprints were composed of small globular particles which were found in large agglomerates at the beginning of the adhesive trails (figure 4c,d; electronic supplementary material, movie S2).
(e) Localization of the PST-rich protein Ac9617
To localize a PST-rich protein, antibodies were raised against Ac9617 (αAc9617) that recognized the adhesive trails (figure 3i), the footprints (figure 3j ), and material closely associated with the raphe slit (figure 3k).
For all immunofluorescence experiments described in §3 (d) and §3 (e), control experiments were performed using the pre-immune serum as well as peptide competition experiments to confirm the specificity of the primary antibodies (electronic supplementary material, figure S9 ).
(f ) Immunoblot analysis
To obtain information about the molecular masses of the native proteins encoded by the Ac629, Ac1442 and Ac9617 genes, we attempted to perform western blot experiments with the hydroxylamine solubilized adhesive material.
However, conditions that promote the electrotransfer of high molecular mass proteins from an SDS-PAGE gel onto a membrane [32] failed to do so for the HMW components, as determined by staining of the gel and membrane post-electroblotting (data not shown). Therefore, we chose a different approach, which involved fractionation of the hydroxylamine solubilized adhesive on a gel filtration column followed by spotting aliquots from individual fractions onto a nitrocellulose membrane and then probing them with the antibodies. Following gel filtration, the pooled fractions were concentrated and separated on a 16% Schägger gel (electronic supplementary material, figure S10 ). As the gel filtration was performed under native conditions and the Schägger gel run under denaturing and reducing conditions there is an inconsistency between the observed molecular weight of the different fractions. Furthermore, owing to the high percentage of the Schägger gel (16%), the HMW material is compressed in the upper section of the gel. These results suggest that the HMW component is composed of several smaller components that are non-covalently cross-linked, but this requires further investigation. The αAc1442 antibodies reacted very strongly with the material in fraction 1, which contained the HMW components greater than 400 kDa, but not with the material from any other fractions (electronic supplementary material, figure S10). The αAc629 and αAc9617 antibodies also reacted very strongly with the material in fraction 1, but exhibited reactivity with Figure 3 . Immunolocalization of adhesive trail proteins with (a-d ) αAc629 antibodies, (e-h) αAc1442 antibodies, and (i-l ) αAc9617 antibodies. Adhesive trails (a,e,i) and footprints (b,f,j ) were specifically recognized by the αAc629, αAc1442 and αAc9617 antibodies. Agglomerates of small particles are sometimes present on one end of the adhesive trail recognized by the αAc629, αAc1442 antibodies (arrow in a,e). Cell wall material appears to be associated with the raphe slit (c,g, k). All images are 3D projections of acquired LSM Z-stack projections. The green colour represents the fluorescence signal from the Alexa488 secondary antibody and the red colour represent chloroplast autofluorescence. Scale bars: a,e,i = 10 µm; b-d,f-h,j = 5 µm; k,l = 2 µm.
royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20190196 material from other fractions too. There was a strong reaction with fraction 2 material as well and weak reactions with material from fractions 3 and 4. The αAc629 antibodies also reacted weakly with fraction 8, while the αAc9617 antibodies reacted weakly with fraction 6. These results suggest that Ac629, Ac1442 and Ac9617 are constituents of the HMW component of the adhesive material. The predicted molecular weights of Ac629 and Ac1442 are 57 and 108 kDa, respectively. Therefore, their occurrence in the HMW component suggests the presence of extensive post-translational modifications (e.g. glycosylation) and/or hydroxylamine resistant cross-linking to other biomolecules in the HMW component.
Discussion
In this study we have performed the first proteomics analyses of isolated adhesive material from the tenacious biofouling diatom A. coffeaeformis and identified 21 proteins with unknown functions. Using immunohistochemistry, we have demonstrated that all three of the proteins that were tested, Ac629, Ac1442 and Ac9617, are indeed present in the raphe and the adhesive trails, thus confirming their involvement in underwater adhesion and motility. Protein Ac629 is the founding member of a new protein family, which is characterized by a conserved approximately 28 kDa C-terminal domain that starts with the tetrapeptide motif GDPH. However, it can be ruled out that proteins bearing the GDPH domain are essential for raphemediated adhesion and motility, as they are not present in all motile diatoms and they are also present in a number nonmotile diatoms. Therefore, we hypothesize that proteins with GDPH domains may be used by all diatoms (raphid, araphid and centric) for adhesive functions that are not only specifically related to cell motility, e.g. secretion of mucilage pads, the growth of stalks, chain-formation or cell aggregation during bloom formation [2, 3, 33] . The GDPH domain is conspicuously absent from some of the planktonic raphid species (Pseudonitzschia and Fragilariopsis species) that do not have a strong requirement for surface adhesion. However, the absence of GDPH domain bearing proteins in two motile, benthic genera (Craspedostauros and Stauroneis) is more puzzling. This may be due to incomplete or poor quality sequence databases or, alternatively, these genera may use different biomolecular approaches to underwater adhesion which will require analysis of their adhesive material. The subunit downstream of the GDPH motif is relatively well conserved for 10 of the proteins that bear this motif (termed GDPH domain), whereas the upstream subunits royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20190196 share almost no sequence similarity. One possible scenario is that these are bifunctional proteins in which the GDPH domain has a similar function for all proteins and the specificity of each protein lies in its N-terminal variable domain. This would also help to explain why proteins bearing this domain are present in all diatom classes but could have species-specific functions (e.g. motility, mucilage pad, tube or chain formation) that are determined by the variable N-terminal domain. The GDPH motif has been shown in a small number of adhesive and gel forming proteins to be an autocatalytic cleavage site [30, 31, 34] . Cleavage of the human mucin MUC4 at the GDPH motif is followed by a reassembly of the resulting protein subunits into a bifunctional heterodimeric complex that is involved in both cell-cell communication and adhesion [34] . Another GDPH motif containing protein is the sea star adhesive footprint protein 1 (Sfp1), which is translated as a large precursor polypeptide that subsequently cleaves into four subunits at the GDPH motifs. Following cleavage of Sfp1, the resulting subunits reassemble to form protein aggregates linked by disulfide bridges. It was also suggested that Sfp1 may crosslink to other molecules via the reactive aspartate residues (anhydride) that are proposed to be generated by cleavage of the GDPH motif in mucins [35] . Whether the GDPH motif in the diatom proteins represents a proteolytic cleavage site remains to be determined. The presence of numerous proteins bearing GDPH domains in raphid diatoms might be important to increase their ability to adhere to a wide variety of underwater surfaces. The occurrence of several protein isoforms has been observed in other marine adhesives from mussel [36] and sea urchin [37] and it has been hypothesized that this may increase the types of interactions the adhesive can mediate with different types of underwater surfaces. To date it is unknown whether the remarkable ability of diatoms to adhere to a wide range of surfaces is accomplished through the secretion of an 'all-for-one' glue or whether they have the ability to sense different types of surfaces and modify the composition of their adhesive material.
The fact that all of the proteins identified in this study were found associated within the greater than 400 kDa HMW component suggests that they all assemble into multi-protein complexes. This raises the interesting possibility that the diatom adhesive strands are in fact much more complex than previously thought. Instead of being a homogeneous fibrous biopolymer that extends from the plasma membrane to the substratum [2, 38] , the adhesive strands may be composed of numerous distinct proteins and/or domains. In contrast to a homopolymer, such multiprotein complexes would be better suited to execute the manifold tasks required to achieve adhesion and gliding: substrate adhesion, cohesion of the strands, connecting the adhesive to the cell, and transducing force from the cell to the substratum. The immunofluorescence localization of three proteins (Ac629, Ac1442 and Ac9617) to the diatom adhesive trails has provided the first evidence that proteins are components of the adhesive trails and that there is a distinct substructure to the adhesive trails. Therefore, in its complexity the adhesion and motility apparatus of diatoms may resemble the machinery required for adhesion and gliding of the pathogenic bacterial genus Mycoplasma. This machinery requires four proteins that serve as (i) a scaffold to embed the gliding machinery in the plasma membrane (Gli123), (ii) the 'gear' for force transmission (Gli521), (iii) an ATPase driven motor (P42), and (iv) the 'leg and foot' for binding to the substrate (Gli349) [39] .
The proteomics analysis of the adhesive material identified a number of novel proteins that share no sequence similarity to proteins of known function in other organisms, as well as a number of proteins that contain sequence domain features that are found in known extracellular adhesion proteins (i.e. CAA domain, FAS1 domain, PST-rich). Similar domains were also recently identified in a study of the P. tricornutum extracellular soluble proteome, and it was suggested that PST-rich mucin-like proteins may play a structural role as a scaffold for the extracellular matrix [27] . Furthermore, the mucin-like proteins may play a role in lubrication during gliding or as a defence against predators and dehydration by forming a protective gelatinous barrier [27, 40] . The overexpression of two proteins that contain FAS1 domains in P. tricornutum resulted in increased cell adhesion; however, their precise intra/extra-cellular location was not determined [16] . Proteins bearing FAS1 domains are present in all kingdoms of life and are important in mediating interactions between the cellular membrane and the environment [26] . The N-terminal domains of Ac1589 and Ac6233 contain a putative CAA domain, which is present in some bacterial proteins that are anchored to the cell surface [24, 25] . We therefore hypothesize that in diatoms, proteins bearing FAS1 and CAA domains might also be involved in linking the adhesive strands to the diatom cell surface.
Time-lapse video microscopy in combination with immunofluorescence suggests that these proteins are also components of the initial primary adhesive that the diatoms secrete to establish traction with the substratum. Surprisingly, we also observed that adhesive trails are not deposited behind every moving diatom cell, implying that diatom gliding does not require the deposition of a permanent adhesive but rather that temporary substrate adhesion is sufficient for gliding. As a consequence, it appears that in some cases all of the adhesive material diffuses into the medium rather than remaining permanently adhered to the substrate, as previously suggested by Edgar & Pickett-Heaps [2] . Whether the deposition of an adhesive trail is reliant on cell speed, surface chemistry or other external factors remains to be investigated.
Although no arginine-rich peptide sequences were identified, we provide evidence that these reside within the proteins of the LMW component. The function of these proteins may be twofold. Arginine-rich peptides are known for their antimicrobial properties [41] ; therefore the LMW components may play a role in controlling the abundance of associated bacteria in marine biofilm communities, [42] . Additionally, they may promote surface adhesion by displacing surface associated hydrated salt ions, which has been recently proposed for lysine-rich proteins from marine mussels [43] .
Future research should address whether the diatom EPS strands are indeed multi-component complexes and the precise role of the individual proteins in diatom adhesion and/or motility. Recently, approaches to silence genes using RNA interference (RNAi) and CRISPR/Cas9 have been developed for two other diatom species, P. tricornutum [44, 45] and Thalassiosira pseudonana [46, 47] , therefore establishing these methods in A. coffeaeformis will be crucial to determine the exact function of these and other proteins identified in the proteomics analysis. 
